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1. Abstract 
1.1. Deutsche Kurzfassung 
Platinhältige Chemotherapeutika gehören zu den am häufigsten in der Krebstherapie 
eingesetzten Medikamenten. Leider ist ihr Einsatz auf Grund hoher Nebenwirkungen und dem 
Auftreten von Chemotherapieresistenzen nicht immer erfolgreich. Deswegen ist die 
Entwicklung von neuen, verbesserten metallhältigen Medikamenten weiterhin ein aktuelles 
Thema. In den letzten Jahrzehnten wurden zu diesem Zweck tausende neue 
Metallverbindungen entwickelt, von denen es aber nur ein Bruchteil bis zur klinischen 
Anwendung geschafft hat. Außerdem ist trotz der Menge neuer Substanzen das Wissen über 
ihre chemischen und biologischen Wirkungsmechanismen im Körper und im Tumor immer 
noch begrenzt. Besonders der Einfluss und die Entwicklung von Resistenzmechanismen 
gegen diese Verbindungen sind weitgehend unerforscht (Manuskript 1). 
[Tris(1,10-phenanthroline)lanthanum(III)]trithiocyanate (KP772) ist eine neue 
Lanthanverbindung mit vielversprechender Wirksamkeit gegen ein großes Spektrum von 
Tumorzelllinien in vitro und ein Dickdarmkrebsmodell in vivo. Ziel der hier präsentierten 
Arbeit war es die molekularen und zellbiologischen Mechanismen zu erforschen, die der 
Wirksamkeit dieser neuen Substanz gegen Krebszellen zugrunde liegen.  
Schon in einer frühen Phase des Projekts wurde entdeckt, dass die Behandlung mit KP772 die 
DNS-Synthese in Tumorzellen blockiert und die Zellteilung in der G0/G1-Phase stoppt. Dieser 
Zellzyklusarrest, der nicht durch DNS-Schäden hervorgerufen wurde, wurde von 
apoptotischem Absterben der Zellen begleitet (Manuskript 2, Manuskript 3). Zusätzlich wurde 
die Zytotoxizität von KP772 gegen 60 Zelllinien am National Cancer Institute (NCI) getestet 
und das Ergebnis in einer Datenbankanalyse mit anderen Chemotherapeutika verglichen. 
Dieses Screening zeigte, dass die Wirksamkeit von KP772 nur schwach mit der von anderen 
Substanzen korrelierte. Interessanterweise waren mehrere Antimetaboliten (z.B. 
Hydroxyharnstoff) unter jenen Zytostatika, die die höchsten Korrelationswerte erreichten. Da 
der Hydroxyharnstoff ein allgemein bekannter Ribonukleotidreduktase (RR)-Hemmstoff ist, 
wurde als nächstes die Hemmwirkung von KP772 auf dieses Enzym untersucht. Die 
Behandlung mit KP772 führte zu einer signifikanten Reduktion des Cytidineinbaus und dem 
Abfall der zellulären dNTP-Level. Außerdem zeigten die in diesem Projekt durchgeführten 
Experimente, dass KP772 die R2 Untereinheit der RR durch Eisenchelatierung und Störung 
des Tyrosylradikals hemmt (Manuskript 4). 
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Zusätzlich wurde in diesem Projekt der Einfluss von resistenzvermittelnden 
Transportproteinen auf die Wirksamkeit von KP772 untersucht (Manuskript 5). 
Interessanterweise stellte sich heraus, dass die Expression dieser Resistenzproteine mit einer 
erhöhten Sensitivität gegen KP772 einhergingen. Außerdem führte eine längere Behandlung 
mit subtoxischen KP772 Konzentrationen zum kompletten Verlust der Transportpumpen, was 
zu einer Wiederherstellung der Sensitivität gegen Chemotherapie führt. Schließlich wurde das 
mögliche Auftreten von Resistenz gegen KP772 nach mehreren Behandlungszyklen 
untersucht. Im Gegensatz zu herkömmlichen Medikamenten konnten Krebszellen keine 
Resistenz gegen KP772 entwickeln.  
Zusammenfassend deuten die hier präsentierten Untersuchungen daraufhin, dass KP772 
besonders vielversprechend für die Behandlung von PatientInnen sein könnte, die an 
chemotherapieresistenten Tumortypen leiden. Darüber hinaus könnte es sogar ein 
Wiederansprechen dieser Tumorerkrankungen auf herkömmliche Chemotherapie bewirken. 
 
1.2. English Version 
Platinum drugs are essential components of modern cancer chemotherapy. However, their 
success is limited due to severe adverse effects and/or drug resistance. Thus, several research 
groups focus on the synthesis of novel metal drugs with reduced adverse side effects and less 
propensity to induce drug resistance (Manuscript 1). Although a large number of new metal 
compounds has been developed, in many cases the knowledge on their actual chemical and 
biological interactions within the human body, especial with regard to mechanisms which lead 
to resistance of tumor cells is still limited. 
[Tris(1,10-phenanthroline)lanthanum(III)] trithiocyanate (KP772) is a new compound 
exerting potent activity against a wide range of tumor cell lines in vitro and a colon carcinoma 
xenograft model in vivo. Aim of the here presented thesis was the investigation of the 
molecular and cell biological mechanisms underlying the anticancer activity of KP772. 
Treatment with KP772 was found to block DNA synthesis and cell cycle progression in G0/G1 
phase which was not based on radical- or intercalation-induced DNA damage. This was 
accompanied by apoptotic cell death via the mitochondrial pathway. Additionally, KP772 was 
evaluated against a panel of 60 cell lines as part of the in vitro anticancer-screening services 
provided by the NCI (Manuscript 2, Manuscript 3). When this NCI profile was compared to 
that of other drugs, only moderate correlations with other known chemotherapeutics were 
observed. Notably, several antimetabolic drugs including hydroxyurea (HU) were among 
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those reaching significant correlations. Since HU is a known ribonucleotide reductase (RR) 
inhibitor, the next step was the investigation of the RR inhibitory potential of KP772. 
The respective experiments revealed that KP772 treatment led to significant reduction of 
cytidine incorporation and decrease of all dNTP pools. Moreover, the iron center of the R2 
subunit of RR might be targeted by due to the iron chelating and radical scavenging properties 
of KP772 (Manuscript 4). 
With regard to the impact of common resistance mechanisms, overexpression of resistance-
mediating efflux pumps (ABC-transporter) was found to significantly sensitise against 
KP772. This hypersensitivity was demonstrated to be based on stronger apoptosis induction 
and/or cell cycle arrest at unaltered cellular drug accumulation. Moreover, long-term KP772 
treatment of transporter-overexpressing cells at subtoxic concentrations led within 20 
passages to a complete loss of drug resistance. Additionally, when exposing chemosensitive 
cells to stepwise increasing KP772 concentrations, we observed, in contrast to several other 
metal drugs, no acquisition of resistance (Manuscript 5). 
Taken together, these data indicated that KP772 might be especially promising for treatment 
of patients suffering from chemotherapy-resistant tumors based on ABC transporter-mediated 
resistance or as second line treatment after standard chemotherapy failure. 
2. Introduction 
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2. Introduction 
2.1. Therapeutic Options Against Cancer 
In 2002, 7.6 million people worldwide have died from cancer [5]. This represents about 13% 
of the total global mortality and implies that there are more people dying from cancer than 
from HIV/aids, tuberculosis (TB) and malaria combined together (Figure 1). Moreover, the 
number of newly diagnosed cancer 
cases will - as estimated by the World 
Health Organisation (WHO) - raise 
from 10 million in the year 2000 to 
16 million in 2020 [5].  
Basically, there are three therapeutic 
options for the treatment of 
malignancies: surgery, irradiation and 
systemic chemotherapy including 
classic cytostatic drugs as well as new targeted approaches using small molecules, antibodies, 
etc. While at early stages cancer can be cured by surgery, diagnosis of late stages 
characterised by cancer dissemination causes the need for systemic treatment options. 
Unfortunately, these strategies are not in all or even in the majority of cases curative. Thus, 
systemic cancer treatment options are frequently combined in highly complex schemas. Often 
chemotherapy or radiation therapy are given before (neoadjuvant) or after (adjuvant) local 
surgery. Moreover, diverse drug combination protocols exist [7]. There is a huge diversity in 
clinical used chemotherapeutic drugs including several antibiotics (e.g. daunomycin, 
adriamycin), plant toxins (e.g. vincristine, paclitaxel), antimetabolites (e.g. 5-fluorouracil, 
cytarabine), as well as several metal compounds (e.g. cisplatin, oxaliplatin) [7].  
  
2.2. Metal Chemotherapeutics 
In 1969, the pharmacological potential of cisplatin was accidentally discovered by Rosenberg 
et al. [8]. In due curse, this compound became the first purely inorganic antitumor drug used 
in clinical practice [9]. With the help of this drug, testicular carcinomas, a disease which had 
been almost incurable until the late 70ies, can be treated effectively today [9]. Moreover, 
cisplatin-based combination chemotherapy displays significant antitumor activity against 
cancers of the ovary, head, neck and lung [9]. Although it is one of the most successful drugs 
used against various types of tumors, its benefits are limited. Many tumours are inherently 
 
Figure 1: Global Cancer Mortality in 2002 (WHO data) [5] 
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Figure 2: New Metal Drugs [2] 
cisplatin-resistant or else are initially drug sensitive, but, after remission, recur in drug-
resistant form [10].  
Nevertheless, the success of platinum-based drugs indicates that metal compounds are a 
valuable chance for new chemotherapeutical approaches. Besides platinum, the antitumor 
activity of several other metal-containing compounds has been recognized [11-13]. From 
these non-platinum drugs only arsenic trioxide (ATO) has been approved for clinical use so 
far (Figure 2). Recently, this old drug component of a Chinese anticancer medicine was 
rediscovered after reports on several complete remissions in acute promyelocytic leukemia 
(APL) patients [14, 15]. In 2000, ATO has been approved by the FDA for the treatment of 
acute promyelocytic leukemia (APL) and is currently evaluated for the therapy of other 
cancers [16] including relapsed/refractory multiple myeloma [17, 18] and high-risk 
neuroblastoma patients. 
Initiated by the success of platinum drugs in oncology, also other members of the so-called 
platinum group i.e. ruthenium, rhodium, palladium, osmium, and iridium came in the focus of 
interest with regard to their antitumor properties. In particular, several ruthenium compounds 
[12, 19-24] showed promising anticancer activity in vitro and in vivo. However, only KP1019 
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(indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)], FFC14a) [13] and NAMI-A 
(imidazolium trans-[tetrachloro(DMSO)(imidazole)ruthenate(III)] [25], have entered clinical 
evaluation so far (Figure 2). KP1019 was developed for solid tumors and, most notably, its 
preclinical profile suggests high activity in colon carcinomas. In contrast, NAMI-A is an 
antimetastatic drug. Both compounds proved to be tolerable in clinical phase I trials with 
relatively low side effects, especially in case of KP1019. Additionally, 5/6 and 1/24 patients 
with solid tumors had stable diseases after treatment with KP1019 and NAMI-A, respectively 
[13, 25]. Although most ruthenium compounds target tumor DNA, their chemical and 
pharmacological behaviour as well as the induced intracellular damage is profoundly different 
from platinum-based drugs which might suggest additional cellular targets [12]. Probably due 
to these different modes of action, several ruthenium compounds have been shown to be 
active against cisplatin-resistant tumors [13, 26-29]. 
Based on the finding that gallium accumulates in lymphomas and various other types of 
cancer, gallium compounds have been in the scope of interest for several decades. Clinical 
phase I/II trials revealed promising anticancer activity of gallium nitrate [30]. Due to its 
interaction with blood calcium levels, this compound was later approved for the treatment of 
hypercalcemia of malignancies. Additionally, gallium complexes were synthesized for oral 
application and out of these gallium maltolate (tris(3-hydroxy-2-methyl-4H-pyran-4-
onato)gallium(III) and KP46 (tris(8-quinolinolato)gallium(III)) are currently under clinical 
evaluation [11]. Gallium maltolate has been used in a clinical phase I trial against refractory 
prostate cancer and multiple myeloma [11] but the results have not been published so far. The 
anticancer activity of KP46 has been tested against diverse refractory tumors in a phase I trial. 
In this study, 1/4 and 2/4 renal cell cancer patients achieved partial response and stable 
disease, respectively, suggesting that KP46 might be especially active in this tumor type [31]. 
Additionally to platinum, arsenic, ruthenium, and gallium compounds there are several drugs 
containing other metals including gold, iron, titanium, cobalt, vanadium, rhodium, copper, 
bismuth and lanthanoids [32-36]. Most of them are still in preclinical or a very early phase of 
clinical development.  
 
2.3. Lanthanum Compounds 
In 1839, the element lanthanum was discovered by Carl Gustav Mosander in impure Cerium 
nitrate, which consequently led to the first extraction of lanthanate (La2O3). Up to now, no 
biological role for lanthanum is reported. Nevertheless, there are a number of reports on the 
impact of this element on cellular processes [37]. With regard to their antitumor activity, 
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Figure 3: 1,10-phenathroline 
some moderate anti-proliferative effects were reported in vitro [38-40] and in vivo [41, 42] for 
simple lanthanum salts. Since lanthanides are considered as potent competitors for calcium 
[41, 42], these effects were thought to be based on blockade of Ca2+ binding sites. 
Additionally, lanthanide salts have been shown to cause mitochondrial breakdown, release of 
cytochrom c and induction of reactive oxygen species (ROS) [43]. Unfortunately, these 
activities are observed only at rather high concentrations (mM). The anticancer activity of 
lanthanum has, however, been distinctly enhanced by complexation with diverse ligands 
including chrysin [44], 1-aminocycloalkancarboxylic acid [45], bis-coumarines [46] and 
phenanthroline derivatives [47-49]. For most of these compounds, interactions with DNA 
involving intercalation or coordinative binding have been demonstrated [44, 47-49]. However, 
the knowledge on the precise molecular mechanisms underlying their increased cytotoxic 
activity against cancer cells remains limited.  
 
2.4. 1,10-Phenathroline, a Versatile 
Ligand 
Besides lanthanum, also the rigid planar 1,10-
phenanthroline (1,10-phen, Figure 3) molecule has been 
demonstrated to exert distinct cytotoxic effects against 
several cell models [50, 51]. In CCRF-CEM and Ehrlich 
ascites cells, 1,10-phen has been shown to stop DNA synthesis accompanied by a cell cycle 
arrest in G0/G1 phase [52, 53]. These effects were suggested to be based on the metal-
chelating ability of 1,10-phen, especially affecting the availability of divalent zinc, copper and 
iron ions [52, 53]. Moreover, 1,10-phen was reported to inhibit several metal-dependent 
enzymes like DNA polymerases [52, 53], metalloendoproteinases [54], and the 
glycosylphosphatidylinositol-phosphoethanolamine transferases [55]. In contrast to its 
promising anticancer activity in vitro, 1,10-phen treatment had no effect against P388 mouse 
cells in an xenograft experiment [51]. 
Complexation with 1,10-phen has also been used to enhance the anticancer activity of several 
other metal ions including copper, ruthenium, vanadium and cobalt [47, 49, 56-60]. Especially 
several complexes of vanadium with 1,10-phen derivatives were reported to induce apoptosis 
and cell cycle arrest in vivo [61, 62] and in vitro [58, 59]. In some cases, these effects were 
shown to be accompanied by induction of ROS [60, 62]. 
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2.5. Molecular and Cell Biological Mechanisms Important for 
Anticancer Treatment 
2.5.1. Cell Cycle Regulation 
Cell division is a highly complex and tightly regulated process because imbalance between 
cell division and cell death has fatal consequences for the organism [63]. Especially cancer 
cells are often characterized by gene mutations of cell cycle regulatory proteins leading to 
enhanced cell proliferation [64].  
The somatic cell cycle (Figure 4) is 
divided into four sequential parts [64]. 
To start DNA-synthesis, the cell leaves 
the first resting phase (G0/G1) and enters 
into S-phase. After complete duplication 
of DNA, a second resting phase (G2) is 
used to check for probable errors before 
finally dividing the cell during mitosis 
(M-phase). After successful division the 
cell enters into G0/G1 phase again [65]. 
The central regulation of the cell cycle progression is based on so-called cyclins. These 
proteins are expressed periodically and their interactions with the cyclin-dependent kinases 
(CDKs) are the basic driving force of the cell cycle [65, 66]. Currently there are 16 
mammalian cyclins described, although only cyclin A, B, D, E, and F have functions in cell 
cycle regulation (Table) [66, 67].  
After formation of cyclin-CDK complexes, the next level of negative regulation is provided 
especially by the CDK inhibitor Cip/Kip family members p21Cip1/Waf1/Sdi1, p27Kip1, and p57Kip2.  
A vast body of literature has described the importance of p21, p27, and p57 in blocking 
proliferation during development, 
differentiation, or as response to cellular 
stresses. However, each of them has 
specific biological functions [68]. For 
example, p27 expression is usually 
elevated in mitogen-starved cells and other 
quiescent states, and the protein is rapidly 
 
Figure 4: Cell Cycle 
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downregulated as cells enter the cell cycle. Several reports suggest an important role for p57 
in the regulation of the cell cycle during embryonic development [68]. With regard to damage 
response, p21 seems to be the most important player of this protein family. P21 is an 
important transcriptional target of the transcription factor p53, which is tightly connected with 
the process of damage recognition [69]. The large diversity of genes having p53 responsive 
elements includes next to p21, also GADD45α, the proapoptotic BAX, and the repair-
associated p53R2 [69]. When cells experience a variety of stress conditions, p53 becomes 
activated leading to a marked increase in the cellular abundance of this molecule. The types of 
stress that promote p53 include direct DNA damage, chromosomal aberrations, DNA 
breakage, mitotic failure and others [70]. P53 activation primarily leads to cell cycle arrest in 
G0/G1 phase and enhanced DNA repair. If the cell is not able to repair the induced damage, 
the p53 signal consequently eliminates the affected cell from the replicative pool either by 
induction of differentiation and senescence or apoptosis [71]. This prevents the expansion of 
mutated cells into a large pool of malignant progeny. Because of these regulatory effects, p53 
is also called the guardian of the genome and mutation of this gene frequently contributes to 
chemotherapy resistance [70].  
2. Introduction 
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2.5.2. Apoptosis 
Most chemotherapeutic drugs 
act via the induction of 
programmed cell death in 
cancer cells. It has long been 
evident that cell death is a 
carefully programmed process 
regardless whether due to tissue 
maintenance, during embryonic 
development, or induced by 
stress and anticancer drugs [72]. 
The major and best 
characterized cell death 
pathway is apoptosis, which is 
often even understood 
synonymously for programmed cell death [72]. Apoptosis is characterized by membrane 
blebbing, cytoplasmic shrinkage leading to reduced cellular volume, condensation of the 
chromatin, and fragmentation of the nucleus. Consequently, this leads to formation of 
apoptotic bodies, a prominent morphological feature of apoptotic cell death [73-75]. 
The decision whether a cell after DNA damage continues cell proliferation, remains quiet in 
G0/G1-Phase, or undergoes apoptosis is dependent upon a complex interplay of several 
regulatory proteins (e.g. p53). 
Basically, there are 2 major pathways of apoptosis regulation: 1) Pro-apoptotic signalling 
(Figure 5) can be mediated intracellularly by specific ligands and surface receptors. In this 
extrinsic pathway of apoptosis regulation a death signal is delivered from the 
microenvironment to activate cell death. 2) Apoptosis can also be activated from inside the 
cell by diverse factors as physical and chemical injuries (e.g. UV radiation or hypoxia), 
changed gene expression, disruption of macromolecules including DNA or cytoskeletal 
proteins, growth factor deprivation, nucleotide/ATP deprivation or other stress factors. This is 
also called the intrinsic pathway of apoptosis regulation. Both the extrinsic and the intrinsic 
pathway are interconnected at the mitochondria converging into a common signal cascade 
causing the activation of effector enzymes termed caspases (Figure 6). 
 
Figure 5: Apoptotic Pathways [6] 
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Figure 6: Caspase Cascade [3] 
In general, chemotherapeutic agents are believed to activate the intrinsic pathway of 
apoptosis. This leads to the release of cytochrome c from the mitochondria into the cytosol 
where it binds to the caspase adaptor molecule Apaf-1. Subsequently, the new formed 
complex, called apoptosome, leads to the activation of the apoptosis initiator caspase-9 [76]. 
In general, caspases are a family of intracellular cysteine proteases produced as inactive 
zymogens. After activation, they cleave their substrates at aspartic acid residues. This protein 
family is hierarchically classified into upstream initiator (e.g. caspase-9) caspases and 
downstream effector caspases (e.g. caspases -3, -6, and -7). This chronological caspase 
2. Introduction 
 17
activation is called “caspase cascade” and leads to magnification of the apoptotic signal. 
Caspases also cleave numerous other proteins during apoptosis, and almost 400 mammalian 
caspase substrates have been identified to date including repair enzymes such as PARP and 
MDM2 or cell cycle regulatory proteins such as the Retinoblastoma-associated protein [3]. 
Additionally, nuclear DNA, the Golgi apparatus, the endoplasmic reticulum (ER) and 
mitochondrial networks undergo pronounced fragmentation [3]. 
 
2.6. Resistance against Anticancer (Metal) Drugs 
Biocide and drug resistance arising in biological systems are a widespread phenomenon. With 
surprising rapidity, organisms evolve defences to protect themselves from various toxins. 
Besides drug-resistant pathogens and pesticide-resistant insects, especially chemotherapy-
resistant tumor cells represent one of the most serious barriers to successful treatment [1, 77-
79]. Even against very potent new therapeutics, such as Herceptin [80], Gleevec [81] and 
Iressa [82-84], which act by inhibition of tumour-specific targets, a majority of patients 
develops acquired resistance in particular when treated for longer time periods. Additionally, 
a large number of patients especially with solid tumours are intrinsically resistant to 
chemotherapeutic interventions. These tumour entities, including glioma, lung cancer, colon 
cancer, hepatoma and melanoma, are often derived from potentially toxin-exposed and thus 
highly protected normal tissues. Mechanistically, there are two general classes of resistance to 
anticancer drugs [77, 85]: on the one hand, delivery of the drug to the malignant tissue might 
be impaired; on the other hand, resistance mechanisms at the cancer cell level can be activated 
based on genetic and epigenetic alterations affecting drug sensitivity. Impaired delivery often 
results from the poor vascularisation of the tumour and consequently from a changed micro-
environment. Cellular chemotherapy resistance can be based on changes affecting virtually all 
steps of drug-mediated cell death activation. This includes import, export, intracellular 
distribution, metabolism, alterations in the drug target as well as the processing of the induced 
damage [1].  
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Figure 7: Mechanisms of Resistance against Cisplatin [2] 
 
With regard to metal compounds, especially the mechanisms underlying resistance to cisplatin 
have been investigated extensively and can be categorized into four key alterations (Figure 
7):  
i)   Reduced intracellular accumulation due to reduced drug uptake or enhanced efflux;  
ii)  Conjugation with intracellular thiols like metallothionein (MT) and/or glutathione (GSH); 
iii) Enhanced repair of platinum DNA adducts or enhanced tolerance to these adducts; 
iv) Changes in molecular pathways involved in regulation of cell survival and/or cell death. 
Details are reviewed in Manuscript 1 
 
2.6.1. Multidrug resistance (MDR) 
Frequently, tumor cells exhibit resistance not only against a single class of drugs but against 
diverse chemotherapeutics, even with unrelated modes of action [1, 77-79]. This phenomenon 
is called multidrug resistance (MDR). Although several MDR mechanisms have been 
described, the active drug export due to efflux pumps is the most prominent and best 
understood. Under physiological conditions, this family of ATP-driven, membrane-spanning 
proteins (Figure 8), called ABC-transporters, is involved in the transport of molecules 
including toxins, peptides, sugars, lipids, but also chemotherapeutical drugs and diverse 
2. Introduction 
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pharmaceutical compounds across biological membranes [1, 77-79]. This makes them 
indispensable for the protection of the healthy organism from environmental toxins [1, 77-79]. 
A variety of cells and tissues, especially in secretory organs, at the sides of absorption and in 
blood-tissue barriers have physiologically high expression of ABC-transporters. Thus, cancers 
arising from such tissues like renal carcinomas are often intrinsically highly resistant towards 
chemotherapy. On the other hand, there are many kinds of cancer (e.g. lung carcinoma) 
initially chemosensitive but relapsing in chemoresistant form [1, 77-79]. 
 
 
 
Figure 8: Human ABC Transporter Family Members [4] 
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The structure of ABC transporters is rather conserved in all known living species (Figure 9). 
It typically contains two ATP-binding domains, also known as nucleotide binding sides 
(NBS), which transfer the energy to transport the substrate across the membrane. The NBSs 
are typically linked by two membrane-spanning domains build from six α-helices providing 
the substrate specificity. The NBS, always located in the cytoplasm, contain three conserved 
parts: two short ATP-binding motifs necessary for ATPase activity, called Walker motifs A 
and B, and a signature (C) motif, located just upstream of the walker B side. This C domain is 
specific to ABC transporters and distinguishes them from other ATP-binding-proteins. ABC 
genes are organized as either full transporters (containing two membrane-spanning domains 
and two NBS) or as half transporters (containing one of each domain). In general, half 
transporters assemble as either homodimers or heterodimers to create a functional protein [1, 
77, 86]. 
Most prominent in mediating MDR with respect to antineoplastic agents are members of three 
ABC transporter subfamilies: ABCB including the well-known drug-transporter ABCB1 (P-
glycoprotein), ABCC comprising the 9 multidrug resistance proteins, and ABCG harbouring 
the breast cancer resistance protein ABCG2. 
 
2.6.1.1. ABCB family 
ABCB1, better known as P-glycoprotein or P-gp, was the first discovered ABC-transporter. 
This protein was characterized through its ability to induce multidrug resistance against 
chemotherapy in cancer cells. Numerous studies have been undertaken making ABCB1 to one 
Figure 9: Structure of ABC Transporter Proteins [1] 
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Figure 10: Expression of ABCB1 in the Human Body 
of the best (if not the best) investigated 
member of the whole ABC transporter 
family. As shown in Figure 10, ABCB1 
is a full transporter [87] with 12 
transmembrane regions with its gene 
maping in humans to chromosome 
7q21.1 [1]. Human ABCB1 has been 
detected in the apical surface of 
epithelial cells from excretory organs, 
such as bile canalicular membrane of 
hepatocytes, the proximal tubules, and 
in enterocytes lining the wall of the 
intestines [88]. These locations are indicative for a role of ABCB1 in the protection of the 
organism against xenotoxins, either by accelerating their excretion or by preventing their 
uptake from the gastro-intestinal tract following oral ingestion. Moreover, ABCB1 is present 
in the endothelial cells in the brain and the testis, indicating a protective role at the blood-
brain and blood-testis barrier [89]. 
The importance of ABCB1 in the protection of brain tissue from toxins was shown in 1994. 
To monitor the effects of ABCB1 loss on the physiological function of the healthy organism 
Schinkel et al. [90, 91] disrupted the respective genes in mice. Unexpectedly, these knockout 
mice displayed no abnormalities in levels of serum enzymes, proteins, electrolytes, or other 
tested parameters. Moreover, viability and fertility were unchanged and overall, the animals 
seemed rather unaffected from this gene loss. Shortly after the first knockout mice were 
obtained, all mice were treated with an acaricide and anthelmintic drug, ivermectin as a 
consequence of mite infestation. In general, this drug is very well tolerated. Thus it was 
surprising to the authors that all of the treated knockout mice suddenly died. Subsequent 
experiments revealed that the ivermectin level in brain tissue of in knockout mice was 90-fold 
higher than in wild type animals expressing ABCB1. Similar results were obtained using 
other ABCB1 substrates, such as vinblastine. 
 
2.6.1.2. ABCC family 
Currently there are 13 members of the ABCC subfamily known performing various functions 
in ion transport, toxin secretion, and signal transduction [1, 77-79]. Nine of these full-length 
transporters are grouped as MRP (multidrug-resistance-associated protein)-related (Figure 
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Figure 11: MRP3 
11). The first of these MRP-related proteins, 
namely MRP1 (ABCC1) has been identified 
shortly after the discovery of ABCB1 as another 
reason for multidrug-resistance [92]. ABCC1 
located to the chromosome 16q13.1 [93] shares 
only 15% homology with ABCB1 [94]. 
Consequently, after the stepwise discovery other 
ABCC transporters the were group into their 
own subfamily [95, 96]. In general, ABCC 
family members are typically larger than other 
full-length ABC transporter proteins [97] 
containing approximately 250 additional amino 
acids at their NH2-termini. This highly hydrophobic domain forms 4 to 6 (most probably 5) 
transmembrane helices and is occasionally glycosylated on the cell surface. Since all the 
ABCC transporters were shown to interact with anionic compounds and phase II metabolic 
products, the N-terminal-bound domain may have a key role in these interactions. For 
example, ABCC1 is a primary active transporter of GSH-, glucuronate- and sulphate-
conjugated organic anions [98]. Together with metabolizing/conjugating enzymes, ABCC 
transporters play an important role in drug elimination and cellular protection from oxidative 
stress [99].  
 
2.6.1.3. ABCG family 
ABCG2 also called breast cancer resistance protein (BCRP) is one of the most recent 
discovered MDR proteins [100]. In contrast to members of the ABCB and ABCC subfamilies, 
ABCG2 is a half transporter forming a homodimeric structure to perform its transport abilities 
[1, 77-79, 101]. Several studies using ABCG2 inhibitors or knock out mice indicate that this 
ABC transporter plays a major role in the modulation of the absorption of toxic materials 
from food or orally applied pharmacological drugs. For example, in knock out mice, soilage-
rich diet led to phototoxic skin lesions due to accumulation of the chlorophyll degradation 
product, pheophorbide A [102]. Moreover, ABCG2 is found in a variety of stem cells and 
may protect them from exogenous and endogenous toxins [101].  
In general, there is little known for the substrate recognition and transport of ABCG2 [103]. 
Interestingly, several gene variants with point mutations at position 482 have been described. 
Changes to R482G or R482T showed altered substrate specificites as compared to the wild 
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type protein. Although these mutations are also widespread through the human populations 
with different ethic background, the exact consequence on cancer treatment, general drug 
absorption and toxicity remains to be evaluated [101, 103].  
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3. Aim of the Study 
In order to successfully establish new cancer therapeutics in the clinics, a broad knowledge on 
the underlying cellular mechanisms of activity is essential. Moreover, despite potent 
antitumor activity of chemotherapeutics, successful cancer treatment by chemotherapy is still 
limited in many cases by cellular drug resistance mechanisms. Thus, it is also of utmost 
importance to precisely investigate the possibilities for intrinsic and acquired cellular drug 
resistance mechanisms active against tested anticancer compounds. During my diploma 
thesis, five metal complexes synthesized at the Institute of Inorganic Chemistry, Vienna 
University with cytotoxic and/or cytostatic activity and potential applicability in anticancer 
therapy have been investigated. All tested compounds were found to be highly active in 
different cancer cell models with IC50 values in the low micromolar range. Especially in case 
of [Tris(1,10-phenanthroline)lanthanum(III)] trithiocyanate (KP772), the preliminary data 
achieved in this diploma thesis suggested further evaluation of the underlying mechanisms of 
this drug. Moreover, there was evidence that KP772 might be promising for the treatment of 
multidrug-resistant cancer. 
Consequently, aim of this study was to gain more insights into the molecular and cell 
biological mechanisms of KP772 with a special focus on its impact on MDR cells. 
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4. Manuscripts 
4.1. Manuscript 1: Resistance Against Novel Anticancer Metal 
Compounds: Differences and Similarities  
 
Deutsche Kurzfassung 
Die Platinverbindungen Cisplatin, Carboplatin und Oxaliplatin gehören zu den meist 
verwendeten Medikamenten in der Krebstherapie. Unglücklicher Weise ist die Behandlung 
mit diesen Verbindungen nicht in allen Fällen zielführend. Zum Einen können unerwünschte 
Nebenwirkungen eine hohe Belastung für den Patienten darstellen, zum Anderen sprechen 
nicht alle Tumortypen auf diese Platinverbindungen an (primär resistent). Häufig entwickelt 
sich trotz anfänglichem Ansprechen auf die Chemotherapie im Laufe weiterer 
Behandlungszyklen eine Resistenz gegen das Medikament (sekundär resistent). Aus diesem 
Grund wird der Entwicklung neuer Chemotherapeutika große Aufmerksamkeit geschenkt, die 
neue Metallverbindungen besser verträglich und weniger anfällig für Resistenz machen soll. 
Obwohl in den letzten Jahrzehnten tausende von neuen Substanzen synthetisiert wurden, 
haben es nur sehr wenige davon in die klinische Erprobung bzw. Zulassung geschafft. Ziel 
dieses Artikels ist es, das aktuelle Wissen über Resistenzmechanismen gegen diese neuen 
Metallverbindungen zusammenzufassen. Weiters wird diskutiert, ob es einen allgemeinen Typ 
der Metallresistenz bei Krebserkrankungen gibt. 
 
Erschienen als: Heffeter P., Jungwirth U., Jakupec M., Hartinger C., Galanski M., Elbling L., 
Micksche M., Keppler B, Berger W. Resistance Against Novel Anticancer Metal Compounds: 
Differences and Similarities. Drug Resistance Updates 2008 11(1-2):1-16. 
4. Manuscripts 
 28
 
4. Manuscripts 
 29
4. Manuscripts 
 30
4. Manuscripts 
 31
4. Manuscripts 
 32
4. Manuscripts 
 33
4. Manuscripts 
 34
4. Manuscripts 
 35
4. Manuscripts 
 36
4. Manuscripts 
 37
4. Manuscripts 
 38
 
4. Manuscripts 
 39
4. Manuscripts 
 40
4. Manuscripts 
 41
4. Manuscripts 
 42
4. Manuscripts 
 43
4. Manuscripts 
 44
4. Manuscripts 
 45
 
4.2. Manuscript 2: Anticancer activity of the lanthanum compound 
[tris(1,10-phenanthroline)lanthanum(III)]trithiocyanate (KP772; 
FFC24) 
 
Deutsche Kurzfassung 
Ziel dieser Studie war es, die Wirksamkeit der neuen Lanthan-Verbindung KP772 zu 
untersuchen. KP772 war in vitro gegen mehr als 60 Zellmodelle mit sehr ähnlichen IC50 
Werten im niedrigen µmolaren Konzentrationsbereich wirksam. Dies basierte auf dem 
apoptotischen Zelltod der Tumorzellen, welcher durch das Auftreten von 
Chromatinkondensation, Abbau von Caspase-Substraten und Depolarisation des 
mitochondriellen Membranpotentials charakterisiert ist. Da weder DNS-Brüche noch -
Veränderungen nach der Behandlung auftraten, konnte die DNS als Primärziel von KP772 
ausgeschlossen werden. Außerdem löste die KP772-Behandlung keinen oxidativen Stress aus. 
Im Gegensatz dazu blockierte KP772 die DNS-Synthese und hielt die Zellzyklusprogression 
in der G0/G1-Phase an, was von einer massiven Abnahme von Zyklin B1 begleitet war. 
Obwohl die Behandlung mit KP772 zur erhöhten Expression von P53 und P21waf1 führte, 
hatte die Transfektion von P53 in Zellen ohne dieses Gen nur geringe Auswirkungen auf die 
Wirksamkeit der neuen Verbindung. Erste Experimente in vivo zeigten, dass KP772 gut 
verträglich ist. Bis zu 7,5 mg/kg Körpergewicht in Sprague–Dawley-Ratten bzw. 10 mg/kg in 
Outbred Albinomäusen traten keine unerwünschten Effekte auf und die LD50 lag bei 21,6 mg 
bzw. 62 mg/kg Körpergewicht. In Xenograft-Experimenten mit humanen DLD-1-
Dickdarmkrebszellen hatte KP772 eine vielversprechende mit Cisplatin und Methotrexate 
vergleichbare Wirksamkeit. Zusammenfassend kann man sagen, dass KP772 durch die 
Induktion von Zellzyklusarrest und Apoptose wirkt und die vielversprechende Aktivität in 
vivo eine Weiterentwicklung dieser Substanz als Chemotherapeutikum nahelegt. 
 
Erschienen als: Heffeter P., Jakupec M.A., Körner W., Wild S., Keyserlingk N., Elbling L., 
Zorbas H., Korynevska A., Knasmüller S., Sutterlüty H., Micksche M., Keppler B.K., Berger 
W. Anticancer activity of the lanthanum compound [Tris(1,10-phenanthroline)lanthanum(III)] 
trithiocyanate (KP772; FFC24). Biochem. Pharmacol., 2006 Feb 14;71(4):426-40. 
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4.3. Manuscript 3: Anticancer Activity of the Lanthanum Drug KP772 (FFC24): 
 Impact of the Cellular p53 Status 
 
Deutsche Kurzfassung 
In einer kürzlich erschienenen Arbeit wurde gezeigt, dass die neue Lanthanverbindung KP772 
neben programmiertem Zelltod (Apoptose) auch einen starken Zellzyklusarrest in der G0/G1 
Phase bewirkt. Die hier präsentierte Studie legt nun besonderes Augenmerk auf die Rolle von 
p21, p53 und BAX in der Wirksamkeit von KP772 gegen Tumorzellen. Hierzu wurde die 
DNS-Syntheserate durch den Einbau von 3H-Thymidin gemessen und die 
Zellzyklusverteilung durch PI-Färbung ermittelt. Um den Einfluss von p53 eingehender zu 
bestimmen, wurden p53 negative Hep3B Zellen mit einem temperatursensitiven p53-
Konstrukt transfiziert, das bei 32°C wildtyp und bei 37°C eine mutierte Konformation hat. 
Zusätzlich wurde die Wirksamkeit von KP772 in HCT116 Subklonen getestet, in denen zuvor 
p53, p21 und BAX durch gezielte homologe Rekombination zerstört worden war. Die 
zytotoxische Aktivität von KP772 wurde in vitro durch MTT Assays bestimmt. 
Veränderungen in Proteinexpressionslevels wurden mittels Westernblot verfolgt.  
Generell führte die Behandlung mit KP772 wie erwartet zu einem massiven G0/G1-Block, der 
von einem kompletten Stopp der DNS-Synthese und einer reduzierten Expression von Zyklin 
B1 aber nicht von Zyklin A oder D1 begleitet wurde. Obwohl KP772 die Expression von p53 
und p21 in p53 wildtyp A549 Zellen induzierte, hatte die Transfektion mit wildtyp p53 in 
p53(-/-) Hep3B Zellen kaum Effekt auf die zytotoxische Aktivität von KP772. Auch der 
Verlust von p21 und BAX war nicht mit erhöhter Resistenz gegen KP772 verbunden und die 
IC50 Werte verschiedenster Zelllinien korrelierten nicht mit ihrem p53 Status. Generell 
basiert die durch KP772 ausgelöste Zytotoxizität auf potenten Zellzyklusarrest und 
Apoptoseinduktion. Der p53 Status hat generell nur einen geringen Einfluss auf KP772, 
während p21 und BAX nicht für die Wirksamkeit gegen Krebszellen notwendig sind. 
Zusammenfassend gesehen, ist die Verwendbarkeit von KP772 daher nicht durch die häufige 
Mutation oder den Verlust von p53 oder seiner Targetgene p21 und BAX limitiert. 
 
Erschienen als: Heffeter P., Jakupec M.A., Dornetshuber R., Elbling L., Sutterlüty H., 
Micksche M., Keppler B.K., Berger W. Anticancer Activity of the Lanthanum Drug KP772 
(FFC24): Impact of the Cellular p53 Status. Metal Ions 2006; 9: 260-7. 
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4.4. Manuscript 4: Ribonucleotide Reductase Inhibition by [Tris(1,10-
phenanthroline)lanthanum(III)] trithiocyanate (KP772) 
 
Deutsche Kurzfassung 
KP772 ist eine neue Lanthanverbindung mit drei 1,10-Phenanthrolin Liganden. Vor kurzen 
wurde berichtet, dass KP772 vielversprechende in vivo und in vitro Wirkung gegen 
Krebszellen hat, die auf dem Auslösen eines P53-unabhängigen G0/G1-Arrests und Zelltod 
beruht. Da im Zuge eines NCI-Sceenings eine Korrelation der Wirksamkeit von KP772 mit 
der des Ribonukleotideredukates-(RR)-Hemmers Hydroxyharnstoff (HU) entdeckt wurde, 
wurde in dieser Arbeit untersucht, ob auch KP772 dieses Enzym hemmen kann. Zu diesem 
Zweck wurde der Effekt der neuen Lanthanverbindung auf die enzymatische RR Aktivität 
durch die Cytidin-Einbaurate bestimmt. Außerdem wurden die Deoxynukleoside Triphosphat 
(dNTP) Level in den Zellen nach KP772 Behandlung gemessen. KP772 führte zu signifikater 
Reduktion des Cytidin-Einbaus und der intrazellulären dNTP Level. Wodurch KP772 als RR-
Inhibitor identifiziert werden konnte. Durch weiterführende Experimente wurde entdeckt, 
dass KP772, vergleichbar mit mehreren bekannten RR-Hemmern, als Radikalfänger fungieren 
kann. Was eine mögliche Ursache der RR-Hemmung durch KP772 sein könnte.  
Da 1,10-Phenanthrolin ein bekannter Eisenchelator ist, wurde zusätzlich auch getestet, ob 
KP772-Behandlung zu Eisendepletion führt. KP772 induzierte einen dosisabhängigen Anstieg 
der Transferrin-Rezeptor-Expression, einem bekannten Marker für zellulären Eisenmangel. 
Zusätzlich konnte Vorbehandlung mit FeCl3 die Tumorzellen teilweise vor der toxischen 
KP772-Wirkung schützen. Dies beruht wahrscheinlich auf der Bildung eines 
Eisenmetaboliten von KP772, die in zellfreien Versuchen mit Fe(II) beobachtet wurde. 
Zusammen zeigen diese Versuche, dass KP772 in den Zellen mit Eisen reagieren kann. Da die 
enzymatische Funktion der RR von einem zentralen Eisenradikal abhängig ist, deuten unsere 
Versuche darauf hin, dass die RR-Hemmung durch KP772 sowohl auf der Affinität der neuen 
Substanz zu Eisen als auch auf der Zerstörung des RR-Radikals beruhen kann. 
 
Wird eingereicht als: Heffeter P., Saiko P., Dornetshuber R., Jungwirth U, Biglino D., 
Jakupec M.A., Elbling L., Sutterlüty H., Szekeres T., Micksche M., Keppler B.K., Berger W.: 
Ribonucleotide Reductase Inhibition by [Tris(1,10-phenanthroline)lanthanum(III)] 
trithiocyanate (KP772, FFC24). 
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4.5. Manuscript 5: Multidrug-resistant cancer cells are preferential 
targets for the lanthanum compound [Tris(1,10-
phenanthroline)lanthanum(III)] trithiocyanate (KP772; FFC24) 
Deutsche Kurzfassung 
Die Lanthanverbindung KP772 wurde kürzlich von uns als potentielles neues Medikament 
mit vielversprechender Wirksamkeit gegen maligne Tumorzellen in vitro und in vivo 
beschrieben. Ziel der hier präsentierten Arbeit war es, den Einfluss von ABC-Transporter-
vermittelter Resistenz auf die Wirkung von KP772 zu untersuchen. Unerwarteterweise zeigte 
sich, dass alle verwendeten Zellmodelle mit Überexpression von ABCB1, ABCC1 oder 
ABCG2 signifikante Hypersensitivität gegen KP772 aufwiesen. Für weiterführende 
Experimente wurde die ABCB1-überexprimierende KBC-1-Zelllinie verwendet. In diesen 
Versuchen konnte gezeigt werden, dass die erhöhte Sensitivität der ABCB1-
überexprimierende MDR Zelllinie, trotz gleicher Substanzakkumulation der Zellen, auf eine 
gesteigerte Apoptoseinduktion und verstärkten Zellzyklusarrest zurückgeführt werden konnte. 
Die Inhibierung von ABCB1 führte nicht zur Verstärkung von KP772, sondern schützte die 
Zellen leicht vor der Lanthanverbindung. Eine direkte Interaktion von KP772 mit ABCB1 
erscheint unwahrscheinlich, da die Testsubstanz keinen Effekt auf die ATPase-Aktivität von 
ABCB1 hatte und auch das Ausschleusen des fluoreszierenden ABCB1-Substrats Rhodamine 
123 nicht beeinflusste. Chronische Behandlungsversuche zeigten außerdem, dass subtoxische 
KP772-Konzentration innerhalb von 20 Passagen zu einem völligen Verlust von ABCB1 und 
der dadurch vermittelten Resistenz gegen viele Chemotherapeutika führten. Zudem war es im 
Gegensatz zu anderen Metallverbindungen nicht möglich durch Selektion KP772-resistente 
Zellen zu züchten. Zusammenfassend zeigen diese Daten, dass KP772 besonders stark gegen 
ABC-Transporter-überexprimierende Zellen wirkt und darüber hinaus auch in der Lage ist, 
eine bestehende Überexpression dieser Transporter zu unterdrücken. Vor dem Hintergrund 
einer mangelnden Resistenzentwicklung gegen KP772 könnte diese neue Verbindung vor 
allem in der Behandlung von notorisch chemotherapieresistenten Tumortypen eingesetzt 
werden oder bereits resistente Tumore wieder einer chemotherapeutischen Behandlung 
zugänglich gemacht werden. 
Erschienen als: Heffeter P., Jakupec MA., Körner W., Chiba P., Dornetshuber R., Elbling L., 
Sutterlüty H., Micksche M., Keppler BK., Berger W.: Multidrug-resistant cancer cells are 
preferential targets for the lanthanum compound [Tris(1,10-phenanthroline)lanthanum(III)] 
trithiocyanate (KP772; FFC24). Biochem Pharmacol, 2007; Jun 15;73(12):1873-86.  
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5. Summary & Conclusion 
Metal drugs such as cis- and oxaliplatin are indispensable from anticancer treatment. 
Nevertheless, due to unwanted side effects and frequently occurring drug resistance, the 
search for new anticancer drugs continues. One of the major strategies of current experimental 
chemotherapy is the development of new targeted approaches to selectively kill tumor cells 
without damaging the surrounding tissue. Additionally, a major goal in oncology is the 
overcoming of chemotherapy resistance. After recognition of ABCB1-, ABCC1-, and 
ABCG2-mediated efflux as major mechanisms underlying the multidrug-resistance 
phenomenon, the development of so called “MDR modulators” such as verapamil or 
cyclosporine A seemed most promising. However, because of the important role of these 
transporters in detoxification and tissue protection of the healthy organism, high toxicity and 
changes in the pharmacokinetic of other drugs were frequent obstacles for clinical application 
of MDR modulators. Consequently, other therapeutic approaches to overcome drug resistance 
are needed.  
In this thesis, the molecular and cell biological mechanisms underlying the anticancer activity 
of the new lanthanum compound KP772 have been investigated. As a first approach, cell 
death induction by KP772 was evaluated. This new lanthanum drug induced tumor cell 
apoptosis indicated by chromatin condensation, caspase substrate cleavage, and mitochondrial 
membrane depolarisation. Moreover, treatment with KP772 potently blocked DNA synthesis 
and arrested cell cycle progression in G0/G1 accompanied by a selective decrease of cyclin B1 
expression. This was found not to result from (radical)-induced DNA-damage. In contrast, 
KP772 was identified as a ribonucleotide reductase inhibitor by interacting with the tyrosyl 
radical of the R2 subunit in a HU-like manner. Although treatment with KP772 induced 
expression of p53 and p21Waf1, the cellular p53 status only marginally influenced the 
cytostatic activity of KP772. In vivo, KP772 also showed promising activity in a colon DLD-1 
xenograft model.  
Another main focus of this work was the impact of intrinsic and the development of acquired 
drug resistance against KP772. With regard to intrinsic resistance mechanisms, especially the 
influence of ABC-transporter expression was investigated using cell models overexpressing 
ABCB1, ABCC1, or ABCG2. None of these efflux proteins conferred KP772 resistance. In 
contrast, their expression was significantly accompanied by hypersensitivity against KP772 
treatment. Using ABCB1-overexpressing KBC-1 cells for further studies, KP772 
hypersensitivity of MDR cells was demonstrated to be based on stronger apoptosis induction 
and/or cell cycle arrest at unaltered intracellular drug accumulation. However, KP772 did not 
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directly interact with ABCB1 as shown by unaltered ATPase and transport activity. 
Interestingly, continous treatment with subtoxic KP772 concentrations led within 20 passages 
to a progressive loss of the ABC-transporter expression at the mRNA and protein levels to 
undetectable amounts in the tested KBC-1 cells. Correspondingly, it reversed the high level 
resistance of these cells against ABCB1 substrate drugs 
In general, the phenomenon of ABC-transporter-assosciated hypersensitivity, often also called 
collateral sensitivity, has been described only for a small number of drugs. With regard to 
ABCB1, Szakacs and al. recently correlated the ABC-transporter expression profiles of the 60 
cancer cell lines used by the National Cancer Institute with the growth inhibitory profiles of 
1,429 anticancer drugs [104, 105]. Interestingly, the small list of hypersensitivity-inducing 
drugs includes several antimetabolic drugs such as the deoxynucleoside analogues 5-
fluorouracil (5-FU) [106], gemcitabine [107], or thiosemicarbazone analogues with 
NSC73306 being the most promising [108].  
Additionally, the RR inhibitor HU was shown to alter drug resistance of human tumor cell 
lines leading – comparable to KP772 - to restoration of sensitivity against other 
chemotherapeutic drugs [109]. Interestingly, also in case of HU, no direct interaction with 
ABCB1 or ABCG2 was found [110]. In contrast, the observed desensitization of resistant 
tumor cells by HU was suggested to be mediated by loss of extrachromosomal DNA-located 
resistance gene copies [45, 46]. Similar results have been reported for other amplified 
oncogenes like c-myc [47]. However, whether KP772 treatment leads to loss of 
extrachromosomal DNA in general, or is limited to ABCB1 overexpression has to be 
evaluated. As presence of both, oncogenes and drug resistance genes, on extrachromosomal 
circular DNA structures like episomes or double-minute chromosomes is an almost general 
feature of solid tumors, several studies have tested low dose HU treatment alone or in 
combination with chemotherapy as new therapeutic strategy [46, 48]. In advanced ovarian 
carcinoma patients, HU was shown to significantly reduce double minutes [48]. Moreover, a 
combination of HU with the EGFR inhibitor imatinib – a known substrate for ABCB1 and 
ABCG2 [49, 50] - proved active as second line treatment against chemotherapy-resistant 
glioblastoma multiforme [51]. However, HU did not affect the ABCB1 and ABCG2-mediated 
transport of imatinib and the synergistic effect observed in the clinical situation could not be 
reproduced in MDCKII cells in vitro [44]. Also, a small clinical trial in 17 patients with 
metastatic renal cell cancer applying low dose HU together with vinblastine revealed no 
clinical benefit by HU cotreatment [46]. This could arque for a combined targeting of MDR 
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cells by a direct cytotoxic effect which needs to be still precisely defined and by depletion of 
amplicons of resistance genes. 
With respect to KP772, the situation might be more promising because in addition to 
amplicon depletion, diverse ABC-transporter-overexpressing cells were hypersensitive 
against this drug irrespective of gene amplification [2].  
Taken together, our data demonstrate that KP772 is a novel RR inhibitor active against a 
broad panel of human cancer cells. In addition to the cytostatic effects derived from RR 
inhibition, KP772 targets several other tumor cell characteristics, like enhanced iron 
requirement as well as ABC transporter-mediated drug resistance. Although the underlying 
molecular mechanisms need to be precisely defined, our observations suggest that these 
additional effects synergistically support KP772-mediated RR inhibition. These findings 
indicate that KP772 represents a promising, multifaceted metal compound which should be 
considered for further clinical development especially against therapy refractory tumors. 
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6. Future & Perspectives 
The promising in vitro and in vivo anticancer activity of KP772 observed in the here presented 
study strongly suggest the further (pre)clinical development of this new lanthanum 
compound. Especially in the light of the high mortally rate after failure of conventional 
chemotherapy due to MDR, it is of predominant interest to develop new strategies to 
overcome drug resistance at the level of the tumour cell without enhancing damage of the 
normal tissues. Moreover, next to KP772 monotherapy, also combination approaches with 
classical chemotherapeutics might represent a promising strategy to improve systemic therapy 
of solid tumors. This includes on the on hand direct combination to achieve synergistic effects 
as observed already in vitro with hydroxyurea, and on the other hand alternative combination 
with the goal to avoid resistance development e.g. by alternating the treatment of the ABCB1 
substrate drug taxol (Txl) with KP772.  
As a next step in the preclinical development of KP772 as an anti-resistance drug, prove of 
principle in human xenograft models is currently in progress. Preliminary results using SCID 
mice show that also, KP772 (10 mg/kg bodyweight solved in 0.9% NaCl solution) is well 
tolerated when applied i.v. for 5 consecutive days. Also histological lung and liver samples 
revealed no KP772-induced damage after treatment (Figure 11).  
Figure 12: H/E staining of lung and liver samples 
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Figure 14: Tumor growth of the indicated cell models after i.p. treatment with adriamycin (ADR) or taxol 
(Txl), respectively in SCID mice. Days of treatment are indicated by arrows. 
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Figure 13. Lanthanum tissue distribution after KP772 treatment measured by ICP-MS  
Notably, i.p. application up to 16 mg/kg body weight had no effect on tumor growth. ICP-MS 
analysis of tumor samples indicated that that this is based on insufficient drug delivery to the 
malignant tissue (Figure 13). Consequently, i.v. application was necessary for all testings. 
Initial experiments regarding MDR were performed using KB-3-1 and its ABCB1-
overexpressing subline KBC-1, which is potently resistant against several classical 
chemotherapeutics including adriamycin and taxol (txl) (Figure 14).  
As shown in figure 15, KP772 treatment (10mg/kg BW for 2x5d with 2 days break) had 
comparably effects on tumor growth of both, KB-3-1 and KBC-1 xenografts. Notably, tumor 
shrinkage was observed in response to KP772 but tumor growth rates were reduced in KP772-
treated animals. In KB-3-1 tumors, the antitumor activity of KP772 was comparable to the 
one of Txl. Similar responsiveness was observed after KP772 treatment in KBC-1 xenografts. 
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Figure 15: Efficacy of KP772 in human cancer xenograft models. SCID mice 
bearing KB-3-1 (dot symbol) or KBC-1 (triangle symbol) tumors were treated i.v. 
with either vehicle control (0.9% NaCl; filled symbol) with 10mg/kg BW in 2 cycles 
of 5 consecutive days with 2 days breaks as indicated. Tumor sizes are represented 
as median of four mice. 
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Figure 16. Survival of KB-3-1 bearing SCID mice after treatment (solid line: solvent 
control; dashed line KP772 (2x5d 10 mg/kg BW KP772); dotted line (txl 2x 10mg/kg BW) 
In contrast, Txl treatment stimulated tumor growth of this xenograft model (data not shown). 
Additional to tumor growth reduction, tumor aggressiveness was reduced by KP772 treatment 
as indicated by enhanced survival of KB-3-1-bearing mice (Figure 16). These preliminary 
results indicate that KP772 is active with low unwanted side effects against multidrug-
resistant tumor cells in vivo. Moreover, there is indication that KP772 treatment is 
accompanied with reduced tumor aggressiveness. This will be further investigated in ongoing 
studies. 
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9. Abbreviations 
 
1,10-phen 1,10-phenanthroline 
ABC  ATP-binding cassette  
ABCB1 P-glycoprotein 
ABCC  multidrug resistance-related protein 
ABCG2 breast cancer resistance protein 
APL  acute promyelocytic leukaemia 
ATO   arsenic trioxide 
CDK  cyclin-dependent kinase 
DMSO dimethyl sulfoxide 
dNTP  desoxyribonucleoside triphosphate 
FACS  fluorescence-activated cell sorting 
GSH   glutathione 
HU  hydroxyurea 
ICP-MS inductively coupled plasma mass spectroscopy 
i.p.  intraperitoneal 
i.v.  intravenous 
KP46  (tris(8-quinolinolato)gallium(III) 
KP772  [tris(1,10-phenanthroline)lanthanum(III)]trithiocyanate 
KP1019 indazolium trans- [tetrachlorbisindazoleruthenat] 
MDR  multidrug resistance 
MRP  multidrug resistance-related protein 
NBS  nucleotide binding side 
NAMI-A imidazolium trans-[tetrachloro(DMSO)(imidazole)ruthenate(III)] 
NCI  National Cancer Institute 
PBS  phosphate-buffered saline 
ROS  reactive oxygen species 
RR  ribonucleotide reductase 
Txl  taxol 
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